in climatology of marine environmental parameters, Antarctic krill, Euphausia superba, and the pelagic tunicate, Salpa thompsoni, were compared within the Atlantic Sector of the Southern Ocean. Sea water temperature in the top 400 m increased at a rate of 0.020-0.030
Introduction
Antarctic krill Euphausia superba and the pelagic tunicate Salpa thompsoni are regarded as two of the most important filter-feeding species of the Southern Ocean, ranking second and third after copepods in terms of total dry biomass [1] . While krill is an important food source for many top predators and subject to a fishery [2] , salps represent more of "nuisance" species, with explosive population increases under some conditions. At these times, salps can dominate the plankton, leading to the scarcity of other zooplankters. Until recently, salps were considered to be a trophic "culde-sac" but important grazers, channeling organic matter to the ocean interior via rapidly sinking fecal pellets [3] [4] [5] . However, more recent work [6] has shown that they are also eaten by a range of fish and seabirds.
The circumpolar-scale distribution of Antarctic krill is now relatively well documented [1, 7, 8] . The distribution is strongly asymmetrical, with over 75% of the population concentrated into the sector 0
• -90 • W, a sector of elevated food concentrations [9] . Despite the preponderance of krill research, increased attention has been paid to pelagic tunicates, especially since the studies in [10] re-emphasized their importance in total Antarctic zooplankton biomass. Salps are primarily oceanic, have a more even circumpolar distribution, not ice-dependent like krill, and are generally found at lower food concentrations than krill [6, [11] [12] [13] .
Over the past century, a warming trend has been demonstrated for the Antarctic Peninsula region and around South Georgia [14] [15] [16] and to a lesser extent for the entire Southern Ocean [17, 18] . This is linked to a decrease in area and seasonal extent of sea-ice cover [19] [20] [21] . On the global scale, this probably is related to a global trend as the World Ocean has warmed by 0.037
• C during the last 50 years [17, 22] .
Against a background of Southern Ocean warming, the abundance and distribution of krill and salps have shown evidence for change over the last century. Krill densities in the SW Atlantic sector decreased [8, 23] , while the abundance of the warmer water species, Salpa thompsoni, increased in the high-latitude part of its circumpolar range [6, 8] . The extent to which these changes are bottom-up or top down controlled is being debated [24, 25] , as indeed are the detailed mechanisms for population control of both species [6, 26, 27] .
Interactions between krill and salps have also suggested to influence their abundance and have been interpreted in a variety of ways, according to the scale of the observation. These include competitive exclusion [23] , direct predation [28] , and larger-scale biotopic segregation [6, 10] . However, it is now well documented that south of the Antarctic Polar Front, Antarctic krill and salps may overlap in their distributions on macro-and mesoscales [6, 8, 23, 29, 30] . At smaller scales, both species may utilize vertical and horizontal water structures probably decreasing competition/predation and increasing their fitness [31] [32] [33] .
Although long-term changes in krill and salp densities and distribution have been documented, it is still not clear what is driving these changes. The main aims of this paper were therefore to illustrate and compare the long-and shortterm trends (variations) of the oceanic condition climatology as well as climatology of Antarctic krill and salp densities. The Atlantic sector of the Southern Ocean was selected for this study for two reasons. First, it contains over half of the total krill population and also has dense concentrations of salps [6, 8, 9, 11] . Secondly, this sector has the best data coverage, of data across all trophic levels, of any sector of the Southern Ocean. Figure 1 ). WOD05 is an update of WOD01 that houses climatological data at standard depths within the World Meteorological Organization (WMO) square. A WOD05 release contains additional profiles of temperature and salinity from a new ocean profiling instrument [34] and significantly updated with the post-1995 data, especially between 50
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• S and 80
• S, compared to WOD01. Nevertheless, the latter supports some data for the period 1970-1980s that are not included into WOD05. Therefore, in this paper both data sets were utilized. The WOD01 and WOD05 contain data measured from various instrument types shown in Table 1 and various countries, and the OSD, CTD, MBT, XBT, PFL datasets are available in the study [35] .
These datasets from the WOD01 and WOD05 were compiled together for making the most complete set of historical ocean profile data. Further details of the WOD01 and WOD05 database are available at http://www.nodc.noaa.gov/.
Sea water temperature, salinity, dissolved oxygen, phosphate, nitrate, and silicate concentrations at standard depths between South America and Antarctic Peninsula were extracted from WOD01 and WOD05 for the period from 1973 to 2002. Each parameter extracted was averaged to calculate climatology across the whole study area for every austral summer season (January-March) at a hundred meter interval from surface to 400 m, for example, 0, 100, 200, 300, 400 m under the assumption that krill and salps were largely concentrated during the summer in the upper 400 m water layer [6] .
Many studies [14, 15, 24, 36] report that the World Ocean, including the Antarctic Ocean, has become warmer. To illustrate this, vertical sections of the 5-year mean sea water temperatures from surface to 500 m depth within the special box of 50-65
• S and 59-65
• W for the period from 1975 to 2002, for example, 1975-1979, 1980-1984, 1985-1989, 1990-1994, 1995-1999, and 2000-2002 (only 3 years), were prepared. In addition, to illustrate the variations of water masses during the summer season (from January to March) in the Southern Ocean, T-S diagrams showing origin and mixing among water masses were also plotted for the same 5-year periods.
Sea-Ice Index and Air
Temperature. Sea-ice has an important role in providing shelter and food to Antarctic zooplankton including krill larvae [27, 37, 38] , and its area and extent may also be affected by atmospheric conditions and sea water temperature. Annual mean sea-ice extent data which was the average latitude of maximum, for example, the northernmost latitude of the sea ice edge, from 1979 to 2002 in the study area • S, 20-80 • W) were obtained from [39] Australian Antarctic Data Centre (2005, http://data.aad.gov.au/aadc/envi/search ice extent.cfm). Annual mean surface air temperature data from South Georgia were taken from [40] for the same period. This surface air temperature dataset comprises 1224 monthly grids of observed air temperature for the period 1901-2002 and cover the global land surface at 0.5
• resolution. Annual means of the winter sea-ice extent and air temperature were calculated and compared with the time-series variations of the other (environmental and biological) factors.
El Nino Southern Oscillation Index (SOI).
The SOI which is an index of El Nino events as published by the Climate Research Unit was available at "http://www.cru.uea.ac.uk/" and was used to analyze the influence of the climate variability on the atmospheric conditions and water temperature in the study area. The relationships between environmental factors in the study area and the SOI were calculated using wavelet spectrum analysis [41, 42] . A fast Fourier transform (FFT) which is commonly used in time series analysis is an efficient algorithm to compute the discrete Fourier transform, but it requires that time series data are stationary. However, in case of wavelet spectrum, it is useful to analyze both stationary and nonstationary time series data. In this study, we used Morlet wavelet, which is useful to oceanic and atmospheric time series data that naturally have the sine-cosine fluctuation [43] . 
Antarctic Krill and Salp Densities.
In addition to the KRILLBASE data ( Table 2 , http://www.iced.ac.uk/ science/krillbase.htm) [8, 9] , published sources (Table 3) on krill and salp abundances around the Elephant Island were used in this study. Mean abundances of krill and salp presented in Table 1 were derived from the KRILLBASE over the entire area of observation ( Figure 1 ). Stations with nontargeted oblique and vertical tows carried out during January-March were used for annual climatology calculations. Detailed information on the KRILLBASE 
Results
There 1975-1979, 1980-1984, 1985-1989, 1990-1994, 1995-1999, 2000-2002 (Figure 3 ). It was also comparable throughout the whole period of observations, and consequently the changes observed concern the region as a whole. Variation of dissolved oxygen concentrations followed negatively related pattern to the sea water temperatures. For example, in the higher temperature periods, dissolved oxygen showed lower concentrations, while the lower temperatures were associated with the elevated dissolved oxygen concentrations (Figures 4 and 7) . Overall, the whole depth dissolved oxygen concentrations decreased In the Southern Ocean, nutrient concentrations are always lowest at the surface layers and greatest in the Warm Deep Waters particularly for nitrates and phosphates, while silicates had the highest levels near 400 m. Generally, nutrient concentrations decreased during the period 1975 to 2002 (Figures 8-10 ). Phosphate concentrations decreased at 0-200 m depths, while they increased slightly at 300-400 m depth strata. In early 1980s, phosphate concentrations showed dramatic change (Figure 8 ). Similarly to phosphates, nitrate concentrations decreased between 0-100 m and increased at 200-400 m (Figure 9 ). Unlike previous nutrients, silicate concentrations increased at 0 m and 200 m depth strata, while showed a decreasing trend at 100 m, 300 m, and 400 m (Figure 10 ).
Chl a concentrations extracted from WOD01 and WOD05 have been complemented with the SeaWiFS data ( Figure 11 ). Although the SeaWiFS data between 1987 and 1996 were missing, both data sets showed a decreasing trend in Chl a concentrations.
Sea-ice has an important role in Antarctic marine ecosystems. Sea-ice algae are known to be a critical food resource, boosting early adult spawning of krill in spring and survival of its larvae throughout winter, as well as possibly shielding krill from predation [23, 45] . Time series variations of sea-ice extent and air temperature are shown in Figure 12 . Data on sea-ice extent used in this study represents its northernmost boundary. Variation in the sea-ice extent strongly negatively correlated with air temperature (Figure 12 ). Overall, although variable the sea ice extent decreased over the observed period ( Figure 12 ). Generally, there was an inverse relationship between krill and salp densities (Tables 2 and 3 ). However, when plotted together it was negative from 1970s till the beginning of 1990s and then again after 2000s ( Figure 13 ). Krill densities decreased over the study period but they were not monotonic with the lowest densities in mid-1990s. Salp densities increased till the beginning 1990s, when they stabilized. Although they were the highest during the early to mid 1990s, salp densities did not drop to the pre-1990s levels and in recent decade appeared to show periods of a prolonged dominance, for example, 1997-2002 ( Figure 13 ). It should be noted that patterns of the mean abundances of both Antarctic krill and salps were similar between Elephant Island (regional) and Scotia Sea (basin scale) study regions ( Figure 13 ). It is not entirely clear if this was a result of the overall similarity of processes at the basin scale or due to the fact that Elephant Island data set was large enough to drive the basin-scale pattern. The latter however is unlikely as the Antarctic Peninsula and the Weddell Sea regions were also readily sampled (Figure 3) , and we suggest that the Elephant Island data set may reflect basin scale processes in the study area. There was a strong short-term variability in both krill and salp abundance in the study region. For example, krill densities around Elephant Island were relatively high in 1977-1978, 1981-1984, 1987-1988, 1995-1998 and 2001-2003 , while salp densities peaked in 1975-1976, 1983-1984, 1988-1990, 1992-1994, 1997-2002, and 2004-05 (Table 3 ).
Discussion
The main aim of this study was to show interannual variability and longer-term trends in environmental parameters and Antarctic krill and salp populations in the South Atlantic sector of the Southern Ocean, the most significant habitat of the Antarctic krill, and look for the driving forces of this change. There were attempts of separating long-term trends from the short-term variability in the region investigated [23, 46, 47] . It has been noted that changes in krill and salp densities, as well as other zooplankton, occur rapidly [46, 47] . Although, salps have one year life cycle [11] and capable to reflect sharp changes in an environment, Antarctic krill has much longer (>5 years) life span, and sharp changes in its density would more likely be a result of the fundamental shifts in the habitat such as dramatic shift in the main frontal systems and replacing water masses with specific communities [46, 48] . Our data show that such changes may be occurring at the basin scale pointing to the large scale "regime-like" shifts in the Southern Ocean [46] . The regime shift research in the Southern Ocean is, however, still rudimentary [46] . Up to now, several studies on marine environmental factors and density and distribution of mainly Antarctic krill have focused on relatively localized areas [23, 46, 47] . Statistically significant trends have been identified for sea water temperature and salinity. In this study, similar directional changes in marine environmental parameters were also identified but were mostly nonsignificant likely due to inherent enormous natural variability of parameters within the large area of investigation.
An increase rate of temperature calculated in this study was 0.02-0.034
• C · yr −1 . This was comparable or slightly higher than increase observed at west of Antarctic Peninsula, north of the Polar Front, and around South Georgia (range 0.012-0.02
• C) [17, 49] but lower than warming of ∼ 0.05
• C · yr −1 observed in the Weddell Sea between 1992 and 1998 [50] . According to the other studies, the mean warming of the Weddell Deep Water (WDW) was ∼0.032
• C per decade that was comparable (0.03-0.07
• C per decade) to the warming around South Georgia, in the Antarctic Circumpolar Current and in the Southern Ocean overall [16-18, 22, 51, 52] . This clearly indicates that the basin scale environment of the study area warmed more intensively than other regions of the Southern Ocean. The spreading of warm water southwards and shrinkage of the cold water near the Antarctic Peninsula have been coupled with the long-term variations in salinity, dissolved oxygen, sea-ice extent, and air temperature (Figures 6-12) . Overall, higher temperatures could have resulted in a decrease of the dissolved oxygen concentrations, while the shrinkage of the sea ice in the study region could have led to a less saline surface waters, both trends observed in this study. A change in the phytoplankton community structure by shifting it towards the smaller and/or nondiatom phytoplankton has been proposed by [3] . This would result in an increase of silica concentrations and decline in Chl a levels. Increased cloud cover and wind stress observed in recent decades in the northern Antarctic Peninsula region [53] may be further responsible for a decline in Chl a concentrations. According to [3, 53, 54] above conditions would favor development of the salp populations and decrease in krill densities. Satellite-derived Chl a concentrations confirmed that over the past 30 years along the western Antarctic Peninsula surface summer pigment levels declined by ∼12%, with the strongest decrease north of the 64
• S and substantial increase further south [53] .
Although we observed the trend-like changes in environmental parameters, there were several periods of abrupt changes/disturbances in the overall decreasing or increasing trends. It is impossible to assign these periods to regimeshift type changes, mostly due to absence of observations, but the studies in [46] suggested that such a regime shift might have occurred in the beginning of 1990s in the region adjacent to the Antarctic Peninsula and Elephant Island. Overall however, the short-term variability, particularly near the Antarctic Peninsula, was linked to ENSO events [55] [56] [57] that thought to be related to the ecosystem-wide change [46] . Furthermore, long-term ALTR observations showed that prior to the mid1990s, during the period of the most abrupt change in sea-ice, there was a strong relationship between the sea ice extent and krill recruitment and biomass [23] . However, after the mid 1990s, when the sea-ice extent was relatively stable, densities of both krill and salps, while still fluctuating on a scale of 3-5 years, stabilized ( Figure 13 ). In addition, inverse relationship between krill and salp dominating years observed prior mid 1990s has changed, and species often vary in the same phase. Mean krill and salp densities are now in the middle range, and salps showed extended periods of elevated densities. This may be indicative of the situation observed between the sharp ecosystem changes in the beginning of 1990s proposed by [46] . Regime shifts in the Northern Hemisphere have been well described [58] [59] [60] [61] [62] [63] . For example, regime shifts in the North Pacific occurred in the late 1970s, 1980s, and possibly 1990s that were accompanied by a large-scale restructuring of the marine ecosystems. In this study, rapid changes in marine environmental factors occurred in the early 1980s, 1990s, and in the late of 1990s. If the Northern Hemisphere regime shifts could be linked to similar changes in the Southern Ocean, a teleconnection between hemispheres has a substantial lag in time and should be explained.
Recent modeling studies showed that there is a nonlinear relationship between the sea-ice extent and krill recruitment, and majority of the krill recruitment variability occurs within relatively narrow window of change in the sea-ice extent [64] . Thus, even relatively subtle sea-ice extent changes may affect dramatically the long-term variability in krill density suggesting that "regime-like" changes in krill and salp populations may occur. In the present study, however, it appears that the basin-scale change in the pelagic ecosystem physical setting may explain the long-term dynamics of krill and salp abundance in the Atlantic sector of the Southern Ocean.
In a parallel study, climatology indicated that krill and salps peak in abundance at species specific sets of the factors effectively showing that these metazoans inhabit different habitats in the Southern Ocean even in the regions where they mix together [65] . Finer scale studies seem to confirm the findings of the climatology analyses [31] [32] [33] . There is usually a time lag between oceanic conditions during the previous winter and the krill and salp abundance during the following summer [23, 46, 66] suggesting that their stocks may follow long-and short-term variations in the marine environment. Unlike krill that has a life cycle of 5-7 years, salps live less than one year [11, 67] . Therefore, both long-term trends and short-term interannual variations in the marine environment should be more visible in the salp population. However, both krill and salps showed pronounced short term variability [8, 16, 46] that is hard to explain by differences in their life spans. Alternatively, this might be linked to the ENSO cycles [46, 68] or in the case of krill to the strong recruitment events that also coincide with the ENSO events [8, 9, 46, 69] . We showed the dramatic change of marine environment factors in the early of 1980s, 1990s, and in the late of 1990s, and changes in the sea water temperature were particularly prominent. Although several studies on regime shifts have been carried out, the mechanisms determining the breaking out of a regime shift are not yet clear. Therefore, an understanding of the mechanism triggering regime shifts is required to understand the variation in marine ecosystems. What is the driving force for the warming trend around the Southern Ocean? According to previous studies [70] [71] [72] , an activity of Antarctic Circumpolar Wave (ACW) that propagates eastward with the circumpolar flow with a period of 4-5 years has been linked to the ENSO cycles. The ACW encircles the Antarctic continent within 8-10 years time window. In this study, El Nino activity (SOI index) and water temperature at surface and 100 m show the repeated periodicity of 2-8 years, particularly 3-5 years, throughout the whole period from 1960 to 2002 (Figure 14 ). There were periods of a rapid change approximately once a decade, for example, in 1966/ 67, 1976/77, 1987/88, and 1997/98 , and some of these periods coincide with the regime shifts recorded in the Northern Hemisphere. The cross/coherency spectrum between SOI and the water temperature at surface and 100 m in the Atlantic sector of the Southern Ocean suggested that they may be closely connected to each other ( Figure 15 ). Water temperatures at the surface and 100 m depth have had the highest correlation with the SOI in the period of 4-6 years. It means that ACW and ENSO event interact with each other. This interaction could be explained from feedbacks between the ACW and ENSO cycle. There are positive feedbacks between the ACW and the ENSO [55] , and these feedbacks are proceeded by atmospheric and oceanic teleconnections linking the ACW and ENSO [70] . The ENSO event is related to the eastward propagation of the SST and SLP anomalies across warm pool in the tropics. It forces remotely the ACW in the eastern Pacific and western Atlantic sectors of the Southern Ocean through the fast atmospheric teleconnections [73] .
On the other hand, the ACW is found to force the ENSO event by a teleconnection from the high southern latitudes to the tropics via the ocean, and it is a relatively slow process [55] . According to [74] , the ACW has a periodicity similar to the ENSO cycle. In our study, we also found a similar pattern between both events as described above. An interaction between the ACW and ENSO with similar periods may be related to a change of the mean global climate. It is thus possible to suggest that in the Southern Ocean, the only oceanic domain encircling the globe and where the Antarctic Circumpolar Current (ACC) is propagating eastward, the ACC is the unifying link for exchanges of water masses at all depthes between the world's major ocean basins [70] . Studies in [70] suggested that the Southern Ocean is expected to play an important role in transmitting climate anomalies around the globe because these exchanges are important in controlling the global climate. If we consider the feedbacks between the ACW and ENSO, interactions between both events are considered to be one of factors causing warming trend in the study area. According to [75] , evolvement patterns of El Niño are different before and after 1977, and the change in the patterns was accompanied by the ACW's expansion and Time-longitude diagrams of anomalies in sea-ice extent show clear patterns of dominating eastward anomaly propagation ( Figure 16 ). According to [75] , the ACW appeared to be the strongest in the Pacific sector of the Southern Ocean and the weakest in the Indian sector. The ACWrelated anomalies progress eastward at an average speed of 6-8 cm·s −1 , taking 8-10 years for individual phases to travel around the Antarctic continent [76] . In our study, although particular phases are sometimes interrupted between 50
• E and 100
• E, for example, in 1989 and 1990, it takes ∼7-9 years for sea-ice anomalies to travel around the Antarctic continent. Eastward propagation of sea-ice extent anomalies around the Antarctic continent repeated every 4-5 years ( Figure 16 ). It should be noted that there was a strong eastward anomaly between 150
• and 50
• E that persisted from 1985 to 1989, from 1989 to 1994, and 1995 to 1999 (Figure 16 ). These periods match well the intense of the El Nino events shown in Figure 14 . The eastward movement in sea ice anomalies is associated with the extraordinary ice retreat toward the Antarctic continent [77] . It is apparent that these local fluctuations in sea ice were manifestations of propagating anomalies that can be traced back to the Indian Ocean some 5 years earlier. In summary, it appears that all environmental factors, krill and salp densities in the Atlantic sector of Southern Ocean showed trend-like change during the long-term period. At this point, it is perhaps impossible to demonstrate the significance in relationships between environmental factors and krill and salps within this large area. Based on the long-term trends, it is, however, possible to hypothesize that both krill and salp densities could be linked to change in marine environmental factors such as sea water temperature, salinity, dissolved oxygen, nutrients, seaice extent, and air temperature. Recent studies showed that the warming trend of the Southern Ocean could largely be explained by the poleward migration of the ACC although other mechanisms, for example, increased heat flux from the atmosphere or increased poleward eddy heat flux should not be discounted [18] . Such displacement could bring anomalously warm waters into the contact even with the ice shelves and increase their melting [78] [79] [80] . In a short term, krill and salp populations as well as marine environment factors are strongly influenced by the interaction between El Nino (SOI) and the ACW. British Columbia, Vancouver, Canada for accommodating Dr. C. Lee during his postdoctoral study.
